Abstract Ru(III), Cu(II) and Zn(II) complexes of benzimidazole (BzlH) have been synthesized in the supercages of zeolite-Y by the flexible ligand method and were characterized by spectroscopic (IR, UV-Vis and ESR) studies, XRD and thermogravimetric analysis, surface area, and pore volume measurements. The zeolite encapsulated complexes catalyzed the oxidation of ethylbenzene, benzoin, and cyclohexanol. Various parameters, such as concentration of oxidant and catalyst, reaction time, temperature of the reaction and type of solvents have been optimized to obtain the maximum transformation of ethylbenzene to a mixture of acetophenone, benzaldehyde and styrene. Under the optimized reaction conditions, [Ru(BzlH)]-Y gave 80.4 % conversion of ethylbenzene in 1 h. All these zeolite encapsulated complexes were more selective towards acetophenone formation. Oxidation of benzoin catalyzed by [Cu(BzlH)]-Y, [Ru(BzlH)]-Y and [Zn(BzlH)]-Y encapsulated complexes resulted in 75.5, 78.7 and 59.9 % conversion respectively to give benzaldehyde as exclusive product. A maximum conversion of 39.1 % cyclohexanol with [Cu(BzlH)]-Y was achieved to give cyclohexanone. The activity of neat complexes towards these reactions was also carried out. The encapsulated catalysts were significantly more active than neat complexes and recyclable without much loss in catalytic activity.
Introduction
Transition metal complexes encapsulated in the cavities of zeolite-Y are widely used as heterogeneous catalysts in various industrially important reactions. Encaged metal complexes combine the advantages of both homogeneous and heterogeneous catalytic systems. Zeolite encapsulated complexes catalyze wide variety of synthetically useful oxidative transformations such as oxidation of phenols, cyclohexane, benzyl alcohol and ethylbenzene with oxidants under relatively mild conditions with the advantage of facile recovering and recycling as compared to homogeneous catalysts [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Encapsulation of tetraazamacrocycle complexes of Cu(II) and Zn(II) in the cavity of Zeolite-Y [5] have been shown to act as catalysts for the oxidation of benzyl alcohol.
Oxidation of ethylbenzene is of importance for the production of acetophenone, which is used as a component of perfumes and as an intermediate for the manufacture of pharmaceuticals, resins, esters, alcohols and tear gas. Oxidation of benzoin is a practically important reaction for the production of benzil or benzaldehyde required in the perfumery and pharmaceutical industries [12] [13] [14] [15] [16] [17] . Few heterogeneous catalytic methods have been developed for the oxidation of ethylbenzene, benzoin and cyclohexanol [18] [19] [20] [21] [22] [23] . Recently we have reported ruthenium(III), copper(II) and zinc(II) complexes of imidazole encapsulated in zeolite-Y having potential catalytic activities for the oxidation of ethylbenzene. These encapsulated catalysts performed much better than their neat complexes [24] .
In continuation of our effort to develop new heterogeneous oxidation catalysts, zeolite encapsulated metal complexes of benzimidazole (BzlH) were synthesized by the general flexible ligand method and characterized by various physico-chemical techniques to confirm the encapsulation of metal complex inside the zeolite cavity and their catalytic activity towards the oxidation of ethylbenzene, benzoin and cyclohexanol have been investigated. The leaching and recyclability of these complexes were also examined.
Experimental

Materials
Zeolite-Y (Si/Al = 4.5) was purchased from Sud-Chemie, Mumbai, India and was dried at 723 K for 4 h and used as the host material for encapsulating complexes. L.R. grade solvents were purified according to the literature method before use [25] . Analytical grade copper nitrate, zinc nitrate, ethylbenzene, benzoin, benzimidazole and tertbutylhydroperoxide (TBHP) were purchased from Merck and used as such. The neat Ru(III), Cu(II) and Zn(II) complexes of benzimidazole (BzlH) were synthesized as per the literature methods [26, 27] .
Physical methods and analysis
Infrared spectra in the range 400-4,000 cm -1 were recorded as KBr pellet on a Shimadzu 8400S Fourier transform infrared spectrometer. Electronic spectra were recorded in Nujol on Shimadzu UV-Vis-NIR model UV-3101P spectrophotometer by layering mull of sample inside one of the cuvettes while keeping another one layered with Nujol as reference. The ESR spectra of powdered samples of zeolite encapsulated Cu(II) and Ru(III) complexes were recorded at liquid nitrogen temperature on a VARIAN E-112 ESR spectrometer and the g values were estimated relative to tetracyanoethylene (TCNE, g = 2.0027). Thermogravimetric analysis of encapsulated metal complexes was carried out using a NETZSCHSTA 409 PG/PC under nitrogen atmosphere with the heating rate of 10°C/min. A Nova-1000 Ver.3.70 instrument was used for measuring surface area and pore volume of the samples by nitrogen adsorption with different relative pressures at liquid nitrogen temperature. Atomic absorption spectra (AAS) were recorded on a Perkin-Elmer model spectrophotometer, after acid dissolution of known amounts of the zeolitic complexes. X-ray powder diffraction patterns were recorded using a Philips Analytical X-ray instrument with Cu-Ka radiation. The elemental analysis of the zeolite encapsulated metal complexes was obtained from Vario EL III CHN analyzer. All catalyzed reaction products were analyzed using a Shimadzu 14B gas chromatograph fitted with FID detector connected to BP-5 capillary column.
Preparation of M-Y (Metal exchanged zeolite-Y)
5 g of zeolite-Y was added to 50 mmol ruthenium(III) chloride/copper(II) nitrate/zinc(II) nitrate dissolved in 200 ml distilled water and the mixture was heated with stirring at 90°C for 24 h. The mixture was filtered, washed with hot distilled water till the filtrate was free from nonencapsulated metal ion and dried for 12 h at 150°C.
Preparation of [M(BzlH)]-Y
Copper(II), ruthenium(III), and zinc(II) complexes of benzimidazole encapsulated in zeolite-Y were prepared according to flexible ligand method. A mixture of 2 g of M-Y and BzlH in 50 ml ethanol was refluxed with stirring in an oil bath for 15 h and then filtered. The encapsulated complex was then purified by Soxhlet extraction with methanol to remove the complex and ligand present on the external surface of zeolite-Y. The uncomplexed metal ions present in the zeolite-encapsulated complexes were removed by re-exchanging with aqueous 0.01 M NaCl for 24 h. Finally, the zeolite encapsulated metal complexes were filtered, washed with hot distilled water to remove chloride ions until no precipitation of AgCl was observed on treatment with AgNO 3 solution and dried at 150°C and stored over anhydrous calcium chloride.
Catalytic activity
Oxidation of ethylbenzene
In a typical reaction, ethylbenzene (0.212 g: 2 mmol) and TBHP (70 % solution in water; 0.5 ml) in 2 ml CH 3 CN was heated with continuous stirring at 70°C for ten min. 0.03 mmol of catalyst was added to it and the reaction was considered to begin. The progress of the reaction was monitored by gas chromatograph. The effect of various parameters such as amount of oxidant and catalyst, volume of solvent, reaction time and different solvents on the reaction has been studied.
Oxidation of benzoin
In a typical reaction, an aqueous solution of TBHP (70 % solution in water; 2 ml), benzoin (0.212 g, 1 mmol) and catalyst (0.03 mmol) were mixed in 5 ml of tetrahydrofuran (THF) and the reaction mixture was heated at 70°C with continuous stirring for 30 min. The progress of the reaction was monitored as mentioned above. 05 mol) were mixed in 2 ml of CH 3 CN and the reaction mixture was heated with continuous stirring for 10 min at 70°C. Then 0.05 mmol of the catalyst was added to it and the reaction was considered to begin. During the reaction, the product was analyzed using a gas chromatograph at specific intervals of time by withdrawing small aliquot.
Results and discussion
Synthesis and characterization of catalysts
Ru(III), Cu(II) and Zn(II) complexes of benzimidazole were encapsulated in the supercages of zeolite-Y using flexible ligand method. In this method, Ru(III), Cu(II) and Zn(II) metal ions were exchanged and BzlH ligand was then introduced into the cavities of zeolite for complex formation and the resulting complexes formed inside the supercages of the zeolite was too large to diffuse out. The complex formed was like a ''ship-in-bottle'', confined in the supercages of the zeolite and was not lost into the liquid phase during the reaction. Uncomplexed ligand and complexes formed at the external surface of the zeolite was removed by exchanging with 0.01 M NaCl. Elemental analysis data for the zeolite encapsulated complexes and metal exchanged zeolites are presented in Table 1 . The results indicated the presence of very small amount of metal complexes in the cavities of the zeolite-Y. A comparison of the surface areas and pore volume values of zeolite-Y, metal exchanged zeolites and zeolite encapsulated complexes (Table 1) revealed the decrease in surface area and pore volume of encapsulated complexes which indicated the presence of complexes within the cavities of the zeolite.
Spectral studies
The Nujol mull infrared spectral data of the complex and ligand revealed the co-ordination of the ligand to the metal ion. The infrared spectrum of BzlH exhibited m N-H at 3,123 cm -1 . The t C=N and t C=C are very close and occurred at 1,620 cm -1 . The peaks at 1,478 and 1,359 cm -1 were assigned to the benzimidazole ring vibrations. In the encapsulated complexes, the strong broad zeolite vibrations due to the asymmetric stretching and adsorbed water masked many of the peaks of BzlH. The zeolite matrix showed the most intensive peaks in the region of 1,250-450 cm -1 due to the lattice vibrations of the zeolite. These peaks dominate the region of the spectrum where the main peaks of the BzlH ligand appear. Upon encapsulation of metal complexes in zeolite, weak peaks were observed in the region of 1,600-1,200 cm
which indicated the formation of metal complexes. The free ligand exhibited a t C=N peak at 1,620 cm -1 . In encapsulated complexes, this peak appeared in the range 1,610-1,631 cm -1 . This shift is an indication of the coordination of tertiary nitrogen with metal ion. A peak at 3,123 cm -1 in the encapsulated complexes may be due to m N-H of BzlH coupled with m 0-H of the lattice water present in zeolite framework. In the IR spectra of encapsulated complexes, the zeolite bands predominate, and only weak peaks were observed for intrazeolite complexes due to their lower concentration. No significant broadening or shift of the structure sensitive zeolite vibration on encapsulation indicates that there is no expansion of the zeolite cavity or dealumination during the encapsulation process. This further indicated the presence of metal complexes in the cavity of the zeolite. The IR spectra of BzlH, neat and zeolite encapsulated complexes are presented in Fig. 1a , and b.
The electronic spectra of BzlH, neat and zeolite encapsulated complexes were recorded as Nujol mull (Fig. 2) . The electronic spectrum of BzlH exhibited absorption bands in the range 290-305 nm due to p? p* and n ? p* transitions. These bands were present in the spectra of neat and zeolite-encapsulated complexes. The encapsulated complexes exhibited weak bands due to metalcentered d-d transitions in the visible range at 450-800 nm. 
Powder X-ray diffraction studies
The powder XRD patterns of zeolite-Y, metal exchanged zeolites and zeolite encapsulated complexes recorded at 2h values between 5°and 70°. The XRD patterns of zeolite encapsulated complexes are presented in Fig. 4 . Comparison of the XRD patterns of metal exchanged zeolite, zeolite encapsulated metal complexes with that of zeolite-Y showed that there was no change in peak positions of the diffraction patterns, which revealed that the crystalline structure of the zeolite framework has been retained after encapsulation of complexes. No new peaks were observed in the encapsulated complexes, which is probably due to the poor loading of the metal complexes in the zeolite framework. Similar diffraction patterns were observed in Cu-Y, Zn-Y and encapsulated complexes with slight change in the intensity of the peaks in encapsulated complexes.
Thermogravimetric analysis
Thermal stability of the encapsulated complexes was studied using TGA and DTG. All the three encapsulated complexes showed almost similar decomposition patterns. The weight loss of the encapsulated complexes occurred in three steps in the temperature range of 36-800°C. The TGA and DTG profile of one representative catalyst Fig. 5 . The first weight loss up to 210°C was due to loss of trapped water and coordinated water molecules. The second weight loss was due to the loss of intrazeolite water in the temperature range 210-530°C and the third step started immediately after the second step in the temperature range 530-750°C suggested the slow decomposition of metal complex. The low percent weight loss indicated the presence of only small amount of complexes in the cavities of zeolite which was in good agreement with the low percent of metal and C, N content in the zeolite encapsulated metal complexes. The TGA data with the percent weight loss at different temperature range and their probable assignments are presented in Table 3 .
Catalytic activity studies
Oxidation of ethylbenzene
Oxidation of ethylbenzene catalyzed by encapsulated complexes using TBHP as oxidant was carried out in acetonitrile to yield the products acetophenone, benzaldehyde and styrene (Scheme 1). In order to find suitable reaction conditions for the maximum transformation of ethylbenzene, the effect of four different reaction parameters viz. oxidant and catalyst concentration, temperature of the reaction and type of solvents were studied. Oxidation of ethylbenzene was carried out using two different oxidants viz. 30 % H 2 O 2 and 70 % TBHP. In a typical reaction, 2 mmol of ethylbenzene, 0.03 mmol of catalyst and 0.5 ml of oxidant were taken in 2 ml of acetonitrile and stirred at 70°C. The reaction products were analyzed at 1 and 3 h of reaction time. The conversion of ethylbenzene with TBHP was 79.3 % after 1 h and no reaction with H 2 O 2 was observed even after 24 h. Hence TBHP was used as oxidant for all other catalytic reactions. The turn over frequency of the catalyst was found to be 53.6/ h with 78.7 % selectivity to acetophenone formation. To study the effect of concentration of catalyst (Table 4 , Entry 1-3) on the oxidation of ethylbenzene, the reaction was carried out with 0.01, 0.03, and 0.05 mmol of [Ru(BzlH)]-Y while keeping the fixed amount of ethylbenzene (0.212 g: 2 mmol) and TBHP (70 % solution in water; 0.5 ml) in 2 ml of CH 3 CN at 70°C. 0.01 mmol of the catalyst gave 53.2 % conversion whereas 80.4 % conversion was achieved with 0.03 mmol of catalyst. On increasing the concentration of catalyst from 0.03 to 0.05 mmol showed only a marginal increase in the conversion (82.3 %). It was found that up to certain catalyst concentration (0.06 mmol), there was a slight increase in conversion and then no significant change in the percentage conversion was observed which may be due to the saturation of active sites. Therefore 0.03 mmol catalyst was used for further catalytic studies.
The effect of TBHP concentration on the oxidation of ethylbenzene was studied by considering three different concentration of TBHP (0.5, 1 and 1.5 ml) by keeping the amount of ethylbenzene (2 mmol) and catalyst (0.03 mmol) as constant in 2 ml of CH 3 CN at 70°C. The reaction with 0.5 ml of TBHP gave 80.4 % conversion. On increasing the TBHP concentration from 0.5 to 1 ml, ethylbenzene conversion increased to 83.4 %. Further increment in the TBHP concentration showed only marginal increase in the conversion. Hence 0.5 ml of TBHP was used for ethylbenzene oxidation.
The influence of temperature on the performance of [Ru(BzlH)]-Y was studied at three different temperatures viz. 30, 60 and 70°C (Table 4 , Entry 2, 4 and 5) for ethylbenzene conversion using 2 mmol ethylbenzene with TBHP (0.5 ml) and 0.03 mmol catalyst in 2 ml acetonitrile. The results suggested that the activity of [Ru(BzlH)]-Y was low at 30°C (14.1 %) and increased as the temperature raised from 30 to 70°C (80.4 %).
The effect of various solvents for the oxidation of ethylbenzene with [Ru(BzlH)]-Y was also studied by carrying out the reaction in acetonitrile, ethylacetate and ethanol. Among these solvents, acetonitrile was found to be the best It was observed that the volume of CH 3 CN played a significant role on the ethylbenzene conversion as it influenced the rate of the reaction. Increasing the volume of solvent from 2 to 5 ml led to decrease in conversion (56.3 %), which may be due to decreased reactant concentration in the reaction mixture.
The catalytic activity of [Ru(BzlH)]-Y towards ethylbenzene conversion was studied with variation of reaction time. The conversion slightly increased as the reaction time varied from 1 to 3 h (Table 4 , Entry 5 and 6) and ethylbenzene conversion was found to be 80.4 and 85.1 % after 1 and 3 h respectively.
Comparison of catalytic activity of different catalysts with neat complexes
The catalytic activity of different catalysts towards ethylbenzene oxidation is presented in Fig. 6 . Under optimized reaction condition, [Ru(BzlH)]-Y showed better conversion than Cu(II) or Zn(II) zeolite encapsulated complexes. The conversion of ethylbenzene after 1 h followed the order:
It was observed that all these catalysts were more selective towards the formation of acetophenone rather than benzaldehyde and styrene.
The catalytic oxidation of ethylbenzene using corresponding neat complexes as catalysts and TBHP as oxidant in 2 ml MeCN was also studied. Interestingly, neat complexes also exhibited activity but the conversion was low compared to zeolite-encapsulated complexes. The major drawback of these complexes was irreversible deactivation due to the formation of polymeric species especially in the presence of oxidant and difficulty in product separation after the reaction. These problems can be avoided by using easy recoverable and recyclable zeolite encapsulated metal complexes.
The ethylbenzene oxidation was also carried out using zeolite-Y and the blank reaction in the absence of catalyst under identical conditions. The reaction did not proceed in the absence of metal complexes. The encapsulated complexes exhibited higher activity than the ''neat'' complexes and metal exchanged zeolites. The results of the oxidation of ethylbenzene over metal exchanged zeolites and zeolite encapsulated complexes are presented in Table 4 . The enhanced activity of zeolite-encapsulated complexes in the ethylbenzene oxidation is probably due to the interaction of metal complexes with the zeolite framework and easy access of the active site to ethylbenzene. The above results suggested that zeolite encapsulated catalysts efficiently catalyzed conversion of ethylbenzene to a mixture of acetophenone, benzaldehyde and styrene. The conversion obtained in this study is significantly higher than other zeolite encapsulated complexes [23, [31] [32] [33] .
Oxidation of benzoin
The catalytic activity of the zeolite encapsulated complexes were also tested for the oxidation of benzoin with TBHP as oxidant (Scheme 2). In a typical reaction, benzoin (0.212 g, 1 mmol), 70 % TBHP (2 ml) and catalyst (0.03 mmol) were mixed in 5 ml of THF and the reaction mixture was refluxed with continuous stirring for 30 min. The oxidation reaction was carried out in methanol, acetonitrile and tetrahydrofuran. In methanol and acetonitrile, the conversion of benzoin was very less and products were Fig. 7 as bar diagram. Under the optimized reaction condition, oxidation of benzoin was carried out with neat complexes and metal exchanged zeolites. Neat complexes showed good activity but small amount of benzoic acid (1 %) was also formed and recovery of the catalyst was not possible after the reaction. Thus, the encapsulation of complexes inside the zeolite cavity increased the life of the catalysts by reducing the dimerization due to the restriction of internal framework structure. It is interesting to note that the oxidation of benzoin with TBHP in THF over zeolite encapsulated complexes led to benzaldehyde as the exclusive product.
Oxidation of cyclohexanol
Partial oxidation of cyclohexanol to cyclohexanone is an industrially important reaction extensively used for the production of drugs, vitamins and fragrances [34, 35] (Scheme 3). Few heterogeneous catalytic methods have been developed for the oxidation of cyclohexanol [22, 36] .
The cyclohexanol oxidation was carried out using zeolite encapsulated Ru(III), Cu(II) and Zn(II) complexes of BzlH using both 30 % H 2 O 2 and TBHP as oxidants. In a typical reaction, cyclohexanol (0.48 g, 5 mmol) and oxidant were mixed in 2 ml of CH 3 CN and stirred at 70°C. The reaction products were analyzed at 1 and 3 h of reaction time. Conversion of cyclohexanol did not occur with TBHP even after 24 h while H 2 O 2 gave moderate activity in 3 h and the results are summarized in Table 5 21.9 and 9.1 % respectively under optimized reaction conditions.
Recycling ability and leaching test
The recycling ability of the zeolite-encapsulated complexes was studied using [Ru(BzlH)]-Y for the oxidation of ethylbenzene and benzoin and [Cu(BzlH)]-Y for cyclohexanol oxidation. After the reaction, the catalyst was separated from the reaction mixture, washed with MeCN, dried at 120°C and was reused for oxidation reactions under similar conditions. The results showed that complexes were stable to be recycled without much loss in activity (Table 6 ). Thus, the encapsulation of complexes in zeolites was found to increase the life of the catalysts and the zeolite framework keeps the metal complexes dispersed by reducing dimerization due to the restriction of internal framework structure leading to the retention of catalytic activity.
To test the metal leaching from the zeolite encapsulated complexes, reactions were carried out under optimized conditions. After the reaction, the catalysts were removed from the reaction mixture and the filtrate was tested for the oxidation of substrates. The gas chromatographic analysis showed no improvement in conversion, which confirmed that the reactions did not proceed after the removal of the catalysts. Further the absence of metal ions in solution confirmed by AAS indicated that the oxidation occurred due to the encapsulated metal complexes and there was no leaching of metal complexes from the zeolite cavity. The IR spectra and XRD patterns of the fresh and used catalysts were identical.
Conclusions
Ru(III), Cu(II) and Zn(II) complexes of benzimidazole have been encapsulated in the supercages of zeolite-Y and characterized by various physico-chemical techniques and spectroscopic studies. Chemical analysis and thermal studies revealed the presence of low concentration of metal complexes in the supercages of zeolite. The XRD analysis suggested that the crystallinity of the zeolite was preserved during encapsulation. The reduction of surface area and pore volume on complexation supported that the complexes were within the cavities of zeolite. The shift of IR peaks in the spectra of zeolite-encapsulated complexes compared to the free complexes supported the presence of metal complexes inside the zeolite. Tentative assignments were made for the geometry of complexes on the basis of UV-VIS, EPR and other spectral data. These encapsulated complexes and Ru(III) catalysts were also active towards the oxidation of cyclohexanol to cyclohexanone with moderate conversion. No leaching of metal ions or metal complexes was detected in solution during heterogeneity test. Zeolite encapsulated complexes were found to be better catalysts than their neat complexes and metal exchanged zeolites. The enhanced activity of zeolite encapsulated complexes may be due to favorable adsorption of oxidant to the zeolite cavity and easy access of oxidant for the reaction with the substrate. The stability and availability of metal centers inside the cavity make them to behave as heterogeneous catalysts with enhanced activity. 
